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(Submitted for publication April 19, 1962 ; accepted August 9, 1962) Many investigators have attempted to produce experimental acute renal failure by the administration of hemolyzed red blood cells or the products of hemolysis. Almost all of the successful attempts have required the preliminary preparation of the experimental animal by marked alteration of renal hemodynamics in association with systemic hypotension (1), severe dehydration (1, 2), or occlusion of the renal artery (3, 4) . In other studies renal failure was produced by the administration of massive doses of hemoglobin (5) , methemoglobin (2, 6) , or heterologous blood (7) . In all of these situations, it was not possible to differentiate between the specific renal effects of the administered substances and the hemodynamic changes secondary to the alterations in systemic circulation.
Studies in man (8-il) and dogs (12) involving the administration of distilled water, autologous hemolyzed cells, or hemoglobin have suggested that renal ischemia was acutely produced by the administered substances. Because of these experiments, it has become generally accepted that decreased renal blood flow (RBF) is important in the pathogenesis of acute renal failure resulting from intravascular hemolysis. In these studies (8) (9) (10) (11) (12) , however, the clearance of paraaminohippurate (PAH) was taken to indicate effective renal plasma flow (RPF) even during oliguria. The present series of experiments was undertaken to evaluate the acute changes in renal function secondary to the administration of homologous hemolyzed red blood cells with the following * Supported in part by U. S. Public Health Service Grant H-340 and in part by the C. Mahlon Kline fund for the development of the Department of Medicine. This work was presented in part before the meeting of the Eastern Section of the American Federation for Clinical Research in Philadelphia, Pa., January 11, 1962. modifications of previous techniques. 1) RBFKr was estimated by an indirect Fick gas diffusion method (13, 14) using krypton85 (15, 16) and not involving the collection of urine, thereby providing a measure of renal hemodynamics independent of the clearance and direct Fick-PAH techniques previously used. Also, in contrast to direct methods of measuring RBF, surgical manipulation of the renal pedicle is not involved. This method is particularly adaptable to the anuric subject (14, 16) . 2) To circumvent many of the problems previously encountered in regard to systemic changes, moderate quantities of hemolysate (0.2 to 0.3 g hemoglobin per kg body weight) were infused into the aorta just above the renal arteries. Hypotension, severe dehydration, and acidosis were avoided. This procedure minimized systemic effects and obviated the necessity for the administration of massive doses.
The results of these experiments are interpreted as indicating that an acute reduction in urine flow (V) and decreased clearances of various substances can occur without either generalized renal ischemia or diminished renal extraction of these substances; the data suggest that acute intratubular obstruction may be an important factor in the oliguria associated with the excretion of blood pigments.
METHODS
Experiments were performed on 12 female mongrel dogs weighing 17 to 26 kg on standard animal colony diets. Before each experiment, food was withheld for 12 hours, but water was allowed freely. The animals were lightly anesthetized with intravenous pentobarbital sodium. An intravenous infusion of 5 per cent glucose in water was started at the beginning of each experiment.
In order to vary the rates of urine flow during the control periods (Va) in the different dogs, the rate of infusion of glucose in water was made different for each dog, but in each individual experiment the rate was kept constant throughout the procedure.
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A no. 7 or 8 curve-tipped, radio-opaque, venous catheter was passed under fluoroscopic guidance from the external jugular vein deep into the left renal vein. An identical catheter was passed from the femoral artery into the descending aorta above the renal vessels, i.e., above the level of the catheter in the renal vein. Both catheters were connected to manifold systems consisting of six three-way stopcocks used for withdrawing arterial and renal venous blood. The positions of the catheters were verified at autopsy in the 9 dogs that were sacrificed immediately after the acute experiments.
Hemolyzed canine red blood cells were prepared as follows. Whole blood was obtained from a donor dog, and the packed cells were separated from the plasma by centrifugation. The cells were added to 1.5 times their volume of distilled water. After hemolysis and filtration through gauze, -the filtrate was made isotonic by the addition of an appropriate quantity of sodium chloride and the pH was adjusted to 7.4 with sodium hydroxide. The hemolysate was prepared on the day of the experiment just before its administration.
After the collection of three control urine periods of 15 to 30 minutes each during which the rate of V, was apparently stable, the hemolysate was administered through the catheter in the aorta in a dosage of 0.2 to 0.3 g hemoglobin per kg body weight over a period of 1 to 3 minutes, and the effects were observed for at least 2 hours after in the infusion. The clearances (C) and renal extraction ratios (E) of exogenous creatinine, hippuran labeled with I.3. (Radiohippuran 1), and PAH were determined by standard techniques. Both priming doses and constant sustaining infusions were given so that the approximate blood levels were 6 to 8 mg per 100 ml for creatinine, 2,000 counts per minute per ml for Radio-hippuran, and 2 to 4 mg per 100 ml for PAH. Arterial blood was drawn in heparinized syringes at the midpoint of the clearance periods. Plasma was separated from the cells by centrifugation immediately after collection. Creatinine was estimated in blood and urine by the method of Bonsnes and Taussky (17) , PAH by the method of Smith and colleagues (18) , and the concentration of Radio-hippuran in plasma and urine was determined by counting 1-ml samples in a scintillation well counter.
Percentage of oxygen saturation of arterial and renal venous whole blood samples was determined by an oximetric technique using a Waters oximeter, and the oxygen content was calculated from the oxygen saturation and the hemoglobin concentration. Whole blood arterial pH was determined anaerobically with a glass electrode Beckman pH meter, and the mean arterial blood pressure was measured with a mercury manometer attached to the aortic catheter.
Renal blood flow by the gas diffusion method. The indirect Fick inert gas method was first developed by Kety and Schmidt (13) (Table III) . This is almost three times the 15 per cent variation inherent in the method itself at flows in this range (16) . The cause of this rise in RBFKr is not apparent from the experimental protocol, although an undetected pyrogenic reaction might explain it.
Effects on RBFKr, (A -R) 2, and Qo2. In Table III In the postinfusion periods, however, despite the uniform decrease in Ccr and Chlpp (Table II) , Note the similarity of these curves to the preinfusion curves in time of attainment of tissue: blood equilibrium and the actual value for blood flow. Effects on urine/plasma (U/P) creatinine and UIP osmnolality. Table VI summarizes the control and postinfusion values for U/P creatinine in 12 animals and U/P osmolality in 9 animals. In all animals except dogs 5, 6, and 11, there was a definite rise in the U/P creatinine with a decrease in V, indicating increased renal tubular reabsorption of water. Increases in U/P osmolality in 8 of 9 animals reflect the ability of the renal concentrating mechanism to maintain or increase the U/P osmotic gradient. Since the postinfusion plasma osmolality does not appear to be different from the control value and since plasma hypertonicity did not result from the infusion, it does not appear that the rise in urine osmolality and decrease in urine flow resulted from an osmotic stimulus for the secretion of vasopressin.
In dogs 5, 6, and 11, however, severe oliguria was associated with significant decreases in U/P creatinine, and the U/P osmolality determined in dog 11 showed a decrease from the control value. These findings suggest the occurrence of abnormal tubular permeability and back-diffusion probably associated with tubular damage resulting from the hemiolysate administration. The 50 per cent de- crease in Ehipp and Ecr that occurred in dog 11 (Table V) is compatible with this explanation, especially in view of the absence of a change in RBF (Table IV) .
Histologic changes in the kidneys. An autopsy was performed on all the animals. Grossly, the kidneys showed no striking changes; a moderate degree of congestion and hyperemia appeared to be present, and the corticomedullary markings were somewhat accentuated. Microscopically, the kidneys showed varying degrees of tubular damage with minimal changes in the glomeruli. The tubular changes were similar to those seen characteristically in human acute renal failure with tubular necrosis. These ranged from cytoplasmic vacuolization in the tubular epithelial cells to frank necrosis and desquamation into and obliteration of the tubular lumina. These latter changes were predominantly in the proximal tubules. In general, the intensity of tubular damage appeared to be relative to the degree of functional changes in each animal. Pale-staining pink proteinaceous material was seen in the lumina of many tubules. In the distal tubules and collecting ducts, casts were observed that stained positively with alizarin red, a stain for hemoglobin. The limitations of drawing mechanistic conclusions from sections prepared by routine histologic techniques are obvious. Individual nephron dissection was not performed.
DISCUSSION
Severe renal ischemia has been assumed to play a major role in both the initiation and the maintenance of the oliguria of acute renal failure (22, 23) . Bull, Joekes, and Lowe (24) and Sirota (25) , using the direct Fick-PAH technique, concluded that RPF was extremely low during the late oliguric and early diuretic phases of acute tubular necrosis. However, Conn, Wilds, and Helwig (7), Brun and colleagues (15) , Munck (16) , and Meriel, Galinier, and Suc (26) , employing the gas diffusion method to study RBF, demonstrated in both dogs and humans with severe oliguria that RBF was not negligible, but 30 to 50 per cent normal in most studies. These flows are compatible with considerable glomerular filtration. Two patients during oliguria had normal blood flow values (15, 26) . Using krypton85, we have observed a normal RBF in a patient with oliguric acute renal failure after a hemolytic transfusion reaction (27) .
The administration of autologous hemolyzed cells, hemoglobin, or distilled water intravenously has been shown to result in a reduction in V and in CPAII (8) (9) (10) (11) (12) . Because EPAR did not change with lower values for CPAH (8, 9) , the latter was taken to be a valid measurement of effective RPF. The possibility, however, of intrarenal storage or retention of the substances used for clearance measurements was not ruled out. Also, the interpretation of data derived from clearance measurements obtained during periods of very low V is subject to many limitations (28, 29) .
Because reports of measurements of RBF during pigment excretion by methods not dependent on urine collections are scarce (2) , the present stu(ly was performed. The results indicate that the changes in renal function after the administration of hemolyzed cells are not associated with a decrease in RBF per unit weight of kidney tissue. If acute oliguria can occur without evidence of severe renal ischemia, then one must consider other possible explanations for the observed changes.
Intrarenal shunts and focal ischemia. The actual flow values derived from the gas diffusion method would not reflect the possible occurrence of gross arteriovenous shunting of blood (30) with maintenance of the perfusion: tissue weight ratio. Under these conditions, however, although the values might be similar for the control and postinfusion flows, shunting would be indicated by other characteristics of the experimental data. In order for the control and postinfusion values for blood flow to be the same, the area between the arterial and renal venous curves of Kr85 concentration would have to be the same for both determinations, since Rt and S would not change. Shunting would be manifested by an alteration in the configuration of the curves in that the venous curve would at all times be closer to the arterial curve in the postinfusion flow determination; therefore, in order to maintain the same area between the curves, the time required-for tissue: blood equilibrium would have to be-longer than the control flow. As seen in Figures 1 and 2 Although generalized renal ischemia did not appear to have occurred following the infusion of hemolysate, it is conceivable that cessation of perfutsion to focal areas of the kidney may have resulted from the procedure. For example, if half of the kidney had been rendered markedly or totally ischemic and if the flow to the remaining half had doubled (assuming the krypton would still gain access to the ischemic portion by diffusion), then the values for RBFKr would not change significantly. This possibility has not been conclusively ruled out. It is felt however, to be unlikely because 1) there was no evidence of prolongation of the time required for tissue:blood equilibrium that ought to have occurred if a large portion of the kidney were not perfused, and 2) gross and histological examination of the kidneys either shortly after the acute experiments or several hours later showed no evidence of focal ischemia.
If intrarenal shunts, decreased renal extraction. or focal ischemia do not account for the decreased clearances, then the validity of direct Fick or clearance methods in situations associated with the excretion of blood pigments miay be questioned. One of the assumptions necessary for the application of the Fick equation RPF = UVIA -R is that the bladder urine, from which the UV is determined, contains all of the test substance which has been extracted from the blood by the kidney. It is possible that this "basic assumption under these conditions may not be applicable and that changes in Chipp do not necessarily reflect alterations in RBF.
Abnormal tubular permteabilitv and back-diffutsion of the glomerular filtrate. A discrepancy between clearance estimates and direct measurements of RBF under conditions of reduced RBF and low V has been demonstrated by Selkurt (31) , Study and Shipley (32) , and more recently by Balint (33) . Selkurt (31) These data and the postinfusion fall in U/P creatinine and U/P osmolality do, in fact, suggest back-diffusion of hippuran and creatinine and osmotic equilibration of the glomerular filtrate with plasma. A marked decrease in U/P creatinine suggesting tubular damage and increased permeability was also present in dogs 5 and 6. In the remainder of the experiments, however, i.e., in three fourths of the animals, there was a definite increase in U/P creatinine and U/P osmolality, suggesting relative intactness of tubular impermeability to creatinine and the ability to maintain or increase the U/P osmotic gradient. The rise in the U/P osmotic ratio could be explained by factors other than antidiuretic hormone, such as a very slow rate of V in the distal nephron and collecting ducts (34) .
Primary glomlerular damage with reduced GFR. Evidence that reduction in glomerular filtration was not the initial event in the series of changes resulting from the infusion of the hemolysate is 1) the absence of histologic changes in the glomeruli in the presence of marked tubular abnormalities and 2) the absence of a consistent change in Er in the presence of unchanged RBF during the first 2 hours after the infusion of hemolysate. Although GFR might have decreased, the data suggest that, initially, the fall was not so great as the decrease iln Cer indicates.
Intratubular obstruction. In 1947, Harrison, Bunting, Ordway, and Albrink (2) produced oliguria and azotemic renal failure in dogs by the administration of large doses of hemoglobin and methemoglobin intravenously and by the use of arsine gas, which causes intravascular hemolysis and hemoglobinuria. The abnormalities were more likely to occur if the V, were extremely low from dehydration. By a direct cannulation technique, RBF was measured in 2 animals before and after infusions of methemoglobin. In both, RBF did not fall acutely, despite the production of virtual anuria in one of the animals. The authors concluded that obstruction to V through the renal tubules was an important factor in the early reduction of kidney function. The material filling the lumina of the renal tubules was found to be chiefly methemoglobin in concentrated solution of gel-like consistency.
The hypothesis of intratubular obstruction is consistent with our own experimental data, and the results of our studies are compatible with the conclusions of the authors above. RBF data in 7 animals demonstrated the absence of renal ischemia even in the presence of severe oliguria. A change in the physicochemical properties of the intratubular contents related to the excretion of the products of hemolysis may produce an increase in intratubular viscosity, which in turn may impede the flow of urine and result in complete or partial obstruction in many nephrons. Under these conditions, despite substantial renal perfusion and glomerular filtration in the early stages, V is so diminished that progressively more of the glomerular filtrate, particularly sodium and water, is reabsorbed. This is a self-perpetuating process in that increased water reabsorption produces increased U/P ratios of various urinary substances, including protein. The increasing protein concentration may further increase intratubular viscosity and facilitate protein precipitation and cast formation. As tubular obstruction becomes more complete and prolonged, glomerular filtration would eventually be expected to decrease markedly.
The fact that decreases in Cer appeared to be more severe at lower V, is also compatible with the hypothesis above. The lower the intratubular urine volume at the time of excretion of various blood pigments, the higher the concentration of the latter and therefore the more likely that the viscosity will increase. At higher V, the increase in urinary viscosity is only moderate and thus only partial or incomplete obstruction develops, or fewer nephrons are completely obstructed, but at lower initial flows there is more complete obstruction, and considerably less of the filtered creatinine reaches the bladder urine.
This interpretation would not preclude the simultaneous occurrence of direct tubular damage if the concentration of certain toxic substances was high enough or if the time of exposure of the tubules to the toxins was long enough. Histologic evidence of tubular damage of varying severity was present in all of our experiments. As pointed out by Oliver, MacDowell, and Tracy (35), the combination of tubular obstruction with abnormal tub)ular permeability would enhance the passage of urine from the tubular lumen into the interstitial space and ultimately back into the circulation. In three experiments, with dogs 5, 6, and 11, "nonselective" tubular reabsorption may have played a significant role. In the remainder, however, tubular selectivity appeared to remain relatively intact, at least in regard to the maintenance of U/P concentration gradients for creatinine and total solute.
The importance of the actual volume flow of urine at the time of blood pigment excretion for determination of the degree of renal impairment has been observed by others (1, 2, 4) . Moreover, the mitigating effects of osmotic diuresis with mannitol have also been described (4) ; it may serve to retard tubular water reabsorption and thus to prevent a marked rise in urinary protein concentration and an increase in urinary viscosity. Alterations in renal hemodynamics may significantly contribute to the production of acute renal failure associated with pigment excretion when they are great enough to affect urine flow.
SUM MARY
The intra-aortic administration of homologous hemolyzed red blood cells to dogs resulted in acute decreases in urine flow, creatinine clearance, and hippuran clearance. Despite these changes, generalized decreases in renal blood flow measured by a gas diffusion technique using krypton85 did not occur. Consistent changes in renal arteriovenous oxygen difference and the renal extraction of hippuran, creatinine, and para-aminohippurate were absent. In most animals, decreases in urine flow were associated with increases in urine/ plasma creatinine and osmolality. In a few ex-lerimients, oliguria was associated with decreased urine/plasma creatinine and osmolality and (lecreased renal extraction of hippuran and creatinine.
It is concluded that the administration of hemolyzed red blood cells may produce acute alterations in renal function that are unrelated to generalized renal ischemia, hypoxemia, or the occurrence of gross intrarenal shunts. The changes appear to be secondary to intratubular obstruction and concomitant toxic tubular damage.
